Three phase flow properties are important for correct modeling and prediction of such IOR processes as WAG and blow-down/depletion after waterflooding. On the core-scale, these properties can generally be obtained directly from experiments, from pore-scale modeling of three-phase flow, or from empiric formulae (like the Stone's) interpolating two sets of two-phase data into the three-phase saturation region. For usage in simulators core scale properties have to be scaled up to reflect heterogeneities smaller than the simulation gridblocks. These upscaled three-phase properties, similarly to their two-phase counterparts, are rate-dependent. We describe the upscaling procedure and efficient algorithms for three "easy-to-compute" asymptotic cases: VL-viscous limit (viscous dominance), CL-capillary limit (dominance of capillary forces), and VE-vertical equilibrium (flow dominated by gravity and capillarity).
Introduction
The need for upscaling measured two-phase properties like relative permeability before they are used in reservoir simulation models has long been recognized. In particular, small-scale heterogeneities in capillarity and permeability may have significant impact on the effective properties. Several methods are available for two-phase upscaling, e.g., dynamic generation of pseudos [1] and steady-state upscaling [2, 3] . Three-phase properties on the small scale (core) may be measured, computed from pore-scale modeling [4] or interpolated from two-phase data using some empiric formulae, e.g., the ones proposed by Stone [5, 6] . Unlike for twophase flow, methods for upscaling the three-phase functions to the field simulation scale are generally not available. One possible option is to include small-scale effects at the larger scale by computing the three-phase properties from upscaled two-phase data sets (oil/water and oil/gas properties) by using industry-standard Stone's models [7] . However, there is no guarantee that with the Stone's relation given at the fine scale, the same relation will still remain valid after the upscaling procedure is performed.
Measured three-phase relative permeabilities reported in the literature show considerable variance in their characteristic behavior [8, 9] . The reasons for this variance are not always clear. Firstly, the three-phase functions are known to depend strongly on the process [9] (which phases that are increasing/decreasing in saturation) and on the saturation history (e.g., residual gas saturation). Secondly, wettability of the porous medium and spreading properties of the oil are important variables [10] . Thirdly the measured properties may be affected by sub-core-scale heterogeneities as is well known from two-phase flow [11] .
Finally, one might expect interpretation errors due to unaccounted end-effects which might represent an even bigger problem than in their twophase oil-water counterparts due to low viscosity of the gas phase. As a result of this variability, several empirical models have been suggested for interpolating two-phase data, with various degree of success in matching experimental data [12] [13] [14] [15] . In addition to the micro scale mechanisms, the behavior of the relative permeabilities is influenced by macro-scale heterogeneities.
The presence of sub-core-scale heterogeneities in core material used for measurements is quite common [16] , although, one tries to sort out the most homogeneous material, fine scale lamination along the flow direction is normally accepted. Upscaling at the capillary limit conditions (CL) may be used as a powerful tool in investigation of such effects [17] . In particular, one may obtain either convex or concave oil isoperms depending on whether the lamination is parallel or perpendicular to the flow direction. This is shown in the paper below. The CL conditions may also be appropriate as a first upscaling step to a geological scale. The viscous limit conditions (VL) will in many cases be the appropriate condition for upscaling larger heterogeneities, e.g., from a geostatistical scale to a field simulation scale [18] . The additional challenge in multi-phase upscaling compared to single-phase upscaling, is to determine the saturation distribution. Once the saturation is known, any appropriate single-phase method may be applied to one phase at the time to obtain the effective phase permeability. In this paper, we extend the steady-state method used in two-phase upscaling to handle three-phase flow for the two limiting conditions, CL and VL. We present the necessary three-phase algorithms for inversion of the capillary pressures in CLupscaling and inversion of the fractional flows in VLupscaling. These algorithms facilitate computation of the three-phase saturation distribution within the upscaling domain.
Upscaling procedure
The three-phase upscaling is done at the two limits, CL and VL, by means of numerical steady-state flow upscaling with the software Flow2D [2] . The procedure for computing the effective flow properties for a domain is (1) to determine the fine scale fluid distribution, (2) for one phase at the time, compute the flow through the domain for a fixed large scale pressure drop, and (3) calculate the effective relative permeability from the large scale pressure drop, the total flow, and the absolute permeability (which is upscaled first). The effective properties are related to the volume weighted average saturations, (S w , S g ), of the domain. The procedure results in a single point on the effective relative permeability surface for each phase located at (S w , S g ). The procedure is repeated a number of times with different saturation distributions to appropriately cover the saturation range of interest.
The large scale pressure gradient is specified through the boundary conditions. Generally periodic boundaries are required, however for the cases presented in this paper, classic boundary conditions were found appropriate, i.e., with constant pressure specified at the inlet and outlet boundaries while the two boundaries normal to the main flow are closed.
The heterogeneous domain (to be upscaled) is on the fine scale defined by a finite number of rock types (r=1,..,N R ), each described by a separate set of flow functions (relative permeability and capillary pressure). The absolute permeability and porosity are allowed to vary also within a rock type. The capillary pressure may alternatively be expressed in terms of J-functions, in which case capillarity becomes function of porosity and permeability in addition to its variation among rock types.
The fine scale oil/water and oil/gas capillary pressures are assumed to be single phase functions, i.e., for rock type r we use P cow r (S w ) and P cgo r (S g ). Similarly, relative permeability to water and gas are assumed functions of their own respective saturation only, while the oil relative permeability is allowed to depend on two saturations, k rg r (S g ), k rw r (S w ) and k ro r (S g , S w ). These assumptions are consistent with the standard implementations in commercial reservoir simulators.
For easy use of the upscaled three-phase properties, the results should be in form of regular two-dimensional tables. Hence, upscaled properties are computed for all combinations in the three-phase domain of S w and S g from the upscaled twophase limits.
Three-phase fractional flow functions
The following geometric representation of the three-phase fractional flow functions [19] and the associated notation facilitate clearness and better understanding of the upscaling procedures explained below.
Three-phase fractional flow functions are defined on the triangle of the S-plane:
Therefore the mapping S → f(S) defined by these functions transforms the triangle Δ S in the saturation plane into a similar triangle Δ F in the fractional flow plane, see Figure 1 .
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Note, that the single-valued mapping exists only in the sub-domain of the saturation triangle Δ S , namely, in the saturation domain where all three phases are mobile. This subdomain is denoted as Δ 3 :
). , ( ; , , all for 0
The rest of the saturation domain consists of 3 two-phase flow sub-domains, Ω ow , Ω gw , Ω go , where only one phase is immobile, and 3 one-phase flow sub-domains, ω i , i=o,w,g, where only one of the phases is mobile.
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The mapping S → f(S) transforms the two-phase subdomains, Ω ij , into the sides of the triangle Δ F , and the onephase sub-domains, ω i , i=o,w,g, are transformed into its vertices, see Figure 1 .
The inverse function, S(f): Δ F → Δ S , maps the fractional flow triangle onto the saturation triangle. It is only singlevalued inside the triangle Δ F , i.e. excluding its boundaries. On the sides of the fractional flow triangle the respective twophase flow functions have to be inverted to define one saturation only, the second saturation remains undefined. The vertices are excluded from the inversion, both saturations are undefined.
Upscaling procedure at VL At VL, fractional flows for both gas and water are set constant throughout the reservoir. Strictly speaking, this is only the case for 1D flow, see Ref. [20] for discussion. Given the fractional flow functions for all rock types, this condition requires inversion of fractional flow functions for every rock type to find the spatial saturation distribution in the reservoir domain. Denoting these inverse functions as S w F g ), we formulate the following system of 2 non-linear equations with 2 unknowns (F w , F g ):
Where (S w , S g ) is a set of prescribed average saturations and the linear volume averaging operator is defined as:
The solution of the nonlinear system ( 5 ) belonging to the fractional flow triangle, Δ F , is found by the Newton's method taking into account specifics in the structure of the fractional flow functions. This involves inversion of the fractional flow functions in three-phase flow which is described in the appendix. A more complete description may be found in our previous paper [21] .
Upscaling procedure at CL A pair of two-phase capillary pressure functions for every rock type and the corresponding set of relative permeabilities constitute the input data set at CL.
At CL, a pair of saturations is obtained as the inverse functions of the capillary pressure functions for every rock type. Monotonicity of the functions ( 7 ) required for the inverse functions to exist is assumed. Note, the capillary pressures as specified in expression ( 7 ) are defined in a rectangle, Π which does not necessarily belong to S Δ .
If Π "is larger" then the saturation triangle Δ S on the saturation plane, the solution of the system ( 8 ) does not necessarily belong to the saturation triangle Δ S . Capillary continuity. Physically, the individual phase pressure of a given phase i (i=w,g,o) has to be continuous in the flow domain where this phase is flowing. Hence, the capillary pressure functions are only meaningful in the saturation domains where at least two phases are mobile.
Three-phase flow domain. In the three-phase saturation sub-domain, Δ 3 , where all three phases are mobile, both capillary pressure functions are continuous. Thus the saturation field is calculated from the conditions that the capillary pressures are constant throughout the flow unit:
More precisely, if for all the rock types, the saturations defined in equation ( 8 ) ( 13 ) For r∈R2 the condition ( 13 ) is violated, while for r∈R3 the above condition ( 13 ) is satisfied.
Within R3, continuity of phase pressures requires the capillary pressures to be constant at CL and equal to P cow * and P cgo * , while in R2, a modified solution at the boundary between Δ 3 r and Ω gw must be found satisfying: Two methods have been developed and implemented in Flow2D. The first method assumes P cow to be constant and equal to P cow * for all rock types. P cgo is constant only within R3 (P cgo * ) and modified in R2 to satisfy ( 14 ) . This method was described in details in Ref. [21] .
Later a second method was developed based on the concept of the capillary continuity, which requires, in particular, that gas/water capillary pressure (P cgw =P cow +P cgo ) is constant in the saturation domain Ω gw where gas and water are mobile and oil is trapped, see Figure 1 and equation ( 4 ) . For R2, both P cow and P cgo are then modified (keeping the sum P cgw constant though) to satisfy ( 14 ) . Our work with testing of the effective three-phase properties has confirmed that this method is fully consistent with the behavior of the simulator Eclipse. Capillary pressure inversion preserving capillary continuity. The second method implemented in Flow2D secures pressure continuity in both the gas and water phases when oil becomes immobile in some part of the upscaling flow domain. Given a pair of capillary pressures, P cgo * , P cow * , for r∈R3, the saturations are found from the above equations ( 8 ) .
For r∈R2, the saturations are found from the gas-water capillary pressure function assuming oil immobile:
The function P cgw (S g ) in the RHS of ( 15 ) has to be monotonous for its unique solution. This monotonicity is guarantied by the condition that
Interestingly enough, this condition appears to be fulfilled for the Stone's 1 representation of S or (S g ).
Water saturation is then found from:
Thus the whole saturation field can be uniquely found at CL for any given pair of values P cgo * , P cow * . In contrast to the VL case, which generally requires inversion of two functions of two arguments, at CL only inversion of functions of one argument is required which can be efficiently performed by, e.g., bisection.
To obtain a set of prescribed average saturations (S w , S g ), we use the Newton's method similar to that described for the VL computations. The saturation in each rock type (or grid block) is taken as a function of the two capillary pressures (P cow * and P cgo * ). The capillary pressures must be constant and equal to P cow * and P cgo * within R3, while only their sum is required constant in R2. The task is to find the combination of P cow * and P cgo * that will satisfy:
Examples Two pore scale templates representing typical facies from a North Sea reservoir are used as examples for the upscaling [22, 23] . Rock type and permeability distributions for the two templates denoted Pbed and Xbed are given in Figure 2 and Figure 3 . Both templates contain two rock types at the fine scale. The fine-scale relative permeability functions are assumed constant within each rock type. The water and gas relative permeabilities are single phase functions, while the oil relative permeability is calculated using the Stone I method as modified by Aziz and Settary [24] . S or in Δ S is set to the minimum of that obtained at the oil/water and oil/gas limits. Jscaling is applied for the capillary pressure using a set of dimensionless J-functions (J ow and J og ) for each rock type:
Significant heterogeneities in both permeability and capillarity are present within each rock type and the examples are thus more heterogeneous than may appear from the rock type distributions.
Investigation of process dependency is beyond the scope of this paper, however, the relative permeabilities and capillary pressure input could be regarded as representative for a process with increasing gas saturation and decreasing oil and water saturations.
The effective permeabilities are computed on a 30×30 saturation mesh (30 S w and 30 S g values), whereof about half the points falls within the mobile three-phase region. For easier interpretation, the effective relative permeabilities are presented in form of isoperms in ternary diagrams, interpolated from the computed 2D tables.
Pbed
The Pbed permeability and rock type distributions are given in Figure 2 . Effective properties are computed for the three limiting cases, CL, VL and VE (vertical equilibrium between capillary and gravitational forces), and the results plotted in Figure 4 to Figure 11 .
CL -Capillary Limit
The upscaled three-phase k ro in Figure 4 shows increased mobility in the three-phase region for horizontal flow (curves concave towards oil apex) and severely reduced k ro in vertical direction (convex isoperms seen from the oil apex). Reduced "across-layer" flow due to capillary trapping is well known for two-phase problems. However, for this particular example, there is no capillary trapping effect at the two-phase limits, as effective S orw and S org are both small. The trapping observed in vertical flow in Figure 4b is a pure three-phase phenomenon.
In fact, the effective k ro 's at the oil/water and oil/gas limits are fairly similar in both spatial directions. The directional difference in upscaled k ro seen in Figure 4 is essentially only present in the interior three-phase domain. Generally, it cannot be predicted from the two-phase limits without more knowledge about involved fine scale properties and geometric distribution of these properties.
For gas in Figure 6 , the vertical trapping effect is much bigger than for oil, and is at its maximum at the oil/gas two-phase limit. The k rg isoperms in both spatial directions extend from the oil/gas two-phase limit starting as pure two-phase functions, and then at some point turn into full three-phase functions. The observed three-phase effect on gas is that k rg increases in the across-layer direction at low S o . For alonglayer flow, the three-phase effect is mainly opposite, and much less dramatic. Contrary to gas, the upscaled water relative permeability in Figure 7 has remained two-phase function, with isoperms parallel to the zero-S w -axis.
The capillary trapping of oil in vertical direction seen in Figure 4b falls within the region where k rg is a full three-phase function in Figure 6 . Saturation distributions of oil and gas just inside this region at S w =0.445 and S g =0.242 are plotted in Figure 5 . At this point, oil saturation has become zero in the lower high-permeable part of the model, and oil has lost its continuity in the vertical direction. At the same point, the gas saturation is zero in the upper part of the model, with gas mainly present in the lower part where oil is absent. In the parts with immobile oil, gas distribution is found by requiring continuity in P cgw and disregarding the oil pressure, i.e., S g distribution becomes function of the sum of the two capillary pressures, S g (P cgo (S g )+P cow (S w )).
The observed three-phase dependency for gas is a result of oil becoming immobile in part of the upscaling domain. A similar three-phase dependency was not observed for water (see Figure 7) , although, it should be expected from how the saturation distribution is computed. The fine scale gas/oil capillary pressure is derived assuming a very low gas/oil interfacial tension (~1 mN/m). Thus, the capillary pressure level is much lower for gas/oil than for oil/water. Increasing input P cgo with a factor 20 made water k rw a full three-phase function in the same region as gas (see Figure 8 ).
VE
Three-phase VE isoperms for oil and gas are shown in Figure 9 and Figure 10 . The gravity effect should be evaluated by comparing these results with the CL isoperms in the previous section, Figure 4 and Figure 6 .
The general effect of segregation on average mobilities is increased horizontal mobility and decreased vertical mobility for all phases if the medium is homogeneous. In this case, the horizontal gas relative permeability (Figure 10 ) is somewhat reduced by the gravitational segregation due to the downward increasing permeability trend (gas accumulates in the upper low permeable part of the model). This trend is most evident at low S w and disappears at high S w . In vertical direction at the larger scale, gas has become immobile in w S most of the threephase region, except at high S g and close to S or .
For oil, the effect of gravity results in a significantly increased k roxx in horizontal direction ( Figure 9 ) and decreased k royy in vertical direction. The effect is typically largest at the oil/gas limit and disappears towards the oil/water limit due to very little segregation between these phases. In line with that, no visible effect of gravity segregation is seen on the water isoperms (not shown).
VL
Three-phase isoperms computed at VL are shown in Figure  11 and Figure 12 . The computed three-phase effects on effective water and gas relative permeabilities are visible, but small and can be neglected for this case.
Two alternative computations of the oil isoperms are shown in Figure 11 . The first alternative involves direct threephase upscaling while in the second alternative the three-phase k ro is computed from the upscaled two-phase limits (denoted "upscaling+Stone I"). The oil isoperms from direct threephase upscaling (upper row in Figure 11 ) are not very different for the two spatial directions (x and y). Interestingly though, the direct three-phase results including the small, but distinct difference between k roxx and k royy , seem to be exactly reproduced by the "upscaling+Stone I" computations (lower row in Figure 11 ). This indicates that at VL, if a relation exists between two-phase properties and the three-phase k ro at the fine scale, this relation survives the upscaling and is valid at the larger scale as well. This must be confirmed or eventually rejected by other examples.
Xbed
The Xbed permeability and rock type distributions are shown in Figure 3 . The spatial dimensions of the model are 50cm×5cm and it contains 100×500 blocks. Only effective relative permeabilities from the CL-upscaling are presented here. The results from VE and VL-upscaling are similar to those obtained for the Pbed example presented in the previous section.
CL
The upscaled oil isoperms for the Xbed example are plotted in Figure 13 . For horizontal flow in Figure 13a , we see an increased effective S or in the three-phase domain, with oil isoperms weakly convex seen from the oil apex. This is different from the behavior of the Pbed example (see Figure  4 ). In the vertical direction, Figure 13b , very significant trapping of oil in the interior three-phase domain is observed, as for Pbed.
In the lower row of Figure 13 is plotted isoperms computed from the upscaled two-phase limits (oil/water and oil/gas) using the Stone I relation. These isoperms are very different from those obtained from direct three-phase upscaling. Thus, we may conclude that a relation between two-phase properties and the three-phase k ro at the fine scale, will in general not survive upscaling at CL-conditions. The effective gas and water isoperms are shown in Figure  14 and Figure 15 respectively. For gas, very significant threephase dependency is seen in major part of the three-phase domain, with increased k rg at lower oil saturations. For water, no three-phase dependency is seen, which is due to the lower level of P cgo compared to P cow as discussed in the Pbed section.
Validation
The consistency of the applied CL-algorithm with the behavior of an industry-standard simulator Eclipse is tested. A 2D domain containing two rock types of different capillarity is initially uniformly saturated using average values from upscaling in the three-phase region. Then, the phase redistribution is simulated until capillary equilibrium is reached. The present algorithm based on continuity in P cgw are compared with the previous algorithm used in Ref. [21] , which is based on continuity in P cow .
The capillary pressure curves are chosen so that the test will distinguish between the two CL algorithms. This is done by using P cow and P cgo of the same order of size, i.e., so that both will contribute to P cgw . If P cgo <<P cow , then the two CL algorithms would produce identical results.
Final saturations obtained with Eclipse are compared with those computed with Flow2D in Table 1 . The results at two points within the saturation triangle are presented. The first point (Case 1) corresponds to the situation where all phases are mobile in both rock types, i.e., belongs to R3. The second point (Case 2) corresponds to the case when oil has become immobile in rock type 2.
In Case 1, both CL-algorithms produce identical results and the phase distribution computed with Flow2D is nicely reproduced by Eclipse.
The difference between the two algorithms appears in Case 2, when oil becomes mobile in only part of the upscaling domain. The two CL methods produce different gas and water distributions while the oil distribution remains the same. (In the general case with more rock types, the oil distribution is expected to differ as well).
The results presented in this section shows that the last CLalgorithm based upon continuity of P cgw is in line with how three-phase is represented in industry-standard simulators like Eclipse. This validates the Flow2D computations.
Discussion
This paper describes separate procedures for CL and VL upscaling in the three-phase domain. The methods assume input capillary pressures and relative permeability to water and gas to be functions of one saturation each, while the oil relative permeability may depend on two saturations. These assumptions are in line with the common practice in reservoir simulations. The Stone I relation was used to generate k ro input in the presented examples. This is not a limitation of the methodology, i.e., other formulas or even tabular input may be used as long as ( 16 ) is satisfied in the CL computations and k ro is monotonically increasing in S o in the VL computations.
The single-saturation dependency, assumed for the capillary pressures and the relative permeability to water and gas, represents a restriction of the presented algorithms. But, this is also the assumption in most of the existing three-phase models and seems to be supported as a reasonably approximation by the majority of experimentalists [15, 25] at least for water-wet medium, although data indicating otherwise is also published [8, 26] . The assumption may also be a result of the scarcity of good quality data, e.g., presented isoperms are seen to depend largely on subjective interpretation [12, 13, 15] . For three-phase capillary pressure, very little experimental data are available [27] . The logic for the single-saturation dependency of the two capillary pressures is that oil is assumed to act as the intermediate wetting phase completely separating gas and water within the porous medium. This presumption might not hold at other than water wet conditions or at low oil saturations.
The results in this paper show that the presence of heterogeneities will in general make the effective relative permeabilities to all phases dependent on two saturations in three-phase flow. This conclusion emerges from the upscaling in spite of the single-saturation dependency assumed for gas and water at the fine scale and it is also true for oil in the case of single-argument k ro r (S o ) at the fine scale [21] . The significance of the two-saturation dependency varies though, and may in many cases be neglected.
At VL, the saturation distribution is found assuming constancy in the fractional flows. The local fractional flow of each phase will depend on two saturations in Δ F . Variation in the fractional flow functions among the rock types will result in upscaled properties that depend on two saturations. As in two-phase flow, the VL-upscaled relative permeabilities will be similar to their parental rock curves and represent some kind of average properties.
While the VL effective relative permeabilities are only moderately affected by heterogeneities, upscaling at CL conditions may result in effective properties quite different from their parental rock curves.
At CL, the single-saturation dependency for the upscaled water and gas relative permeabilities is preserved as long as all phases maintain their mobility everywhere in the upscaling domain (R3 = R). However, as oil becomes immobile in part of the domain (0 < R2 < R), the effective relative permeabilities to both water and gas turn into full three-phase functions dependent on two saturations. This is seen in Figure  6 , Figure 7 and Figure 8 . The significance of full three-phase representation depends on the variability in capillary properties at the fine scale and the relative magnitude of P cow and P cgo . For the examples presented, very significant threephase dependency was seen for gas, while for water such effect was only visible after increasing the level of P cgo .
For oil, the most remarkable observation from the CL upscaling was the reduction in the relative permeability to oil in the interior three-phase region (see e.g. Figure 13 ). For the presented cases, this reduction could not be predicted from the upscaled two-phase limits. This three-phase trapping of oil is a result of mobile oil loosing its spatial continuity, i.e., part of the domain with mobile oil (R3) becomes trapped by rock with immobile oil (R2). In particular, S or in three-phase flow will be a function of the geometric distribution of the small-scale heterogeneities. It will also depend on the flow direction and be higher in the direction having the largest variation in properties. With a layered model in Ref. [21] we observed only moderate trapping for along-layer flow and severe trapping in across-layer flow.
Extension into the three-phase domain of oil-water and gas-oil capillary pressures, each specified as function of only one argument, fails to preserve continuity of individual phase pressures in the saturation domain where the oil phase is immobile. An algorithm for handling this situation is described. The algorithm preserves continuity in the gas-water capillary pressure while the oil pressure is allowed to be discontinuous in R2 where the oil saturation has reached S or . The observed macro-scale trapping of oil in three-phase flow is a direct result of the capillary pressure model ( 7 ) . Generally, three-phase capillary pressures at low oil saturations require closer examination to substantiate these results.
Summary and conclusions

Upscaling algorithms
In this paper, we have described separate procedures for CL and VL upscaling in the three-phase domain. The methods assume capillary pressures and relative permeabilities to water and gas to be functions of one saturation each at the fine scale. The oil relative permeability is allowed to depend on two saturations. The procedures also describe how to obtain a set of preset average values S w and S g .
• For VL, an efficient algorithm is presented for determination of the spatial phase distribution in a heterogeneous medium under the condition of constancy in fractional flow. The algorithm includes inversion of the fractional flow functions in the three-phase domain.
• For CL, extension into the three-phase domain of oilwater and gas-oil capillary pressures, each specified as function of only one argument, fails to preserve continuity of individual phase pressures in the saturation domain where the oil phase is immobile. An algorithm is described which handles this situation by preserving continuity in P cgw .
• The new CL algorithm facilitates computation of the three-phase saturation distribution by capillary pressure inversion. The method is validated against computations with Eclipse.
Effective properties
Effective three-phase properties were investigated by upscaling two pore scale models (Pbed and Xbed).
• At CL, upscaled k rw and k rg will remain functions of their own saturation only as long as the oil phase is mobile in every part of the porous medium. When oil reaches its immobile saturation in part of the domain, both k rw and k rg become full three-phase functions depending on two saturations. The observed three-phase dependency is very weak for water in all the tested cases, while for gas very strong effects are observed.
• Inclusion of gravity in the upscaling (VE) increases the three-phase dependency to k rg and k rw . The general trend in the upscaled relative permeability is an increase in horizontal direction and a decrease in vertical direction, but this may be altered by vertical trends in the fine scale permeability distribution. Note that with inclusion of gravity in the upscaling procedure, the upscaled relative permeabilities become pseudo functions depending on properties of the grid, in particular, the grid block's vertical dimension, rather than the effective physical properties depending on physical parameters of the problem at hand only.
• At VL, upscaled relative permeabilities to all phases will, in general, be dependent on two saturations if contrasts in relative permeabilities are present at the fine scale. This dependency may however in many cases be small and ignored, but not always.
• The direct three-phase upscaling of k ro was compared against k ro computed from upscaled two-phase data by using the Stone I method. The two upscaling methods produced very similar results at VL. At CL, k ro obtained by the two methods could be very different. In some cases, severe trapping of oil was observed in the interior three-phase domain, which could not be seen on (or predicted from) the effective two-phase limits. To capture such capillary trapping effects, full three-phase upscaling is required.
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Table 1
Comparison of equilibrium saturations in Pbed (1) and Xbed (2) computed by Eclipse and Flow2D.
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